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ABSTRACT
Renewable energy driven ammonia electrosynthesis by N 2 reduction reaction (NRR) at ambient conditions is vital for the sustainability of the global population and energy demand. However, NRR under ambient conditions to date has been plagued with low yield rate and selectivity (<10%) due to the more favourable hydrogen evolution reaction (HER) in aqueous media.
Herein, surface area enhanced α-Fe nanorods grown on carbon fibre paper was used as a NRR cathode in an aprotic fluorinated solvent -ionic liquid mixture. Through this design, a significantly enhanced NRR activity with NH 3 yield rate of ~2.35 × 10 -11 mol s -1 cm GSA -2 , (3.71 × 10 -13 mol s -1 cm ECSA -2 ) and selectivity of ~32% has been achieved under ambient conditions.
This study reveals that the use of hydrophobic fluorinated aprotic electrolyte effectively limits the availability of protons and thus suppresses the competing HER. Therefore, electrodeelectrolyte engineering is essential in advancing the NH 3 electrosynthesis technology.
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Annually an excess of 140 million tonnes of NH 3 is produced industrially via the Haber-Bosch process and the demand is growing. [1] [2] Ammonia plays a vital role in supporting global population owing to its role as an essential precursor in fertiliser production. However, the process is energetically demanding and associated with low efficiencies. Typical reaction requires temperature and pressure of ~500 o C and >200 atm and the use of Fe/Ru-based catalysts. [3] [4] Therefore, it is estimated that ~2% of the world's energy budget is spent on NH 3 production. 5 In addition, the process creates a substantial carbon footprint due to its dependence on steam reforming of natural gas. 6 Electrochemical methods have a major role to play in the development of sustainable energy technologies. The method allows the direct conversion of renewable electricity (e.g., solar, wind) into chemical bonds. 7 14 The main challenge for aqueous NRR is its low selectivity with respect to the HER due to the immediate availability of H + . 6 In addition, although it remains debatable, the standard reduction potential of N 2 is close to that for HER. 15 Therefore HER is a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 [18] [19] Other strategies include the use of alternate electrolyte media to enhance the NRR. 6, [20] [21] [22] We have recently demonstrated the use of aprotic, highly fluorinated ionic liquids (IL) to limit the availability of H + . 21 In addition, the fluorinated IL also exhibits a high N 2 solubility, which therefore resulted in a highly efficient NRR with FE as high as 60%. 21 However, the NH 3 yield rate was found to be in the range of 10 -12 mol s -1 cm -2 due to the limited N 2 mass transport in the viscous IL.
In this study, we employed a rational electrode-electrolyte design to improve the NRR selectivity as supported by a number of previous theoretical and experimental evaluations. [20] [21] [22] [23] [24] Aprotic solvents are used as electrolyte in which the supply of H + can be regulated to favour N 2 adsorption onto the catalytic sites. Additionally the fluorinated solvents used are known to be both highly fluid and to have high gas solubility (e. 5 may disrupt electrocatalytic processes. The method also enables the achievement of a highsurface area nanorod (NR) array structure, which is important for electrocatalysis.
Carbon fibre paper (CFP) was selected as an electrode substrate to grow the β-FeOOH NR due to the electrochemical inertness and its high porosity providing enhanced active surface area (please refer to Supplementary Information for details). Subsequently, β-FeOOH is reduced into a core-shell α- Electrochemical measurements were then conducted using set-up shown in Figure S2a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 6 Information for discussion). It is shown that the solvent -IL electrolyte system has a maximum conductivity of 1.95 mS cm -1 and electrochemical window of 3.40 V ideal for NRR. Figure 2a shows the CVs collected with α-Fe@Fe 3 O 4 NR cathode. The experiments were carried out in X IL = 0.16, pre-purged with either high-purity dry N 2 gas (99.999% purity, C H2O = ~20 ppm) or Ar gas (99.999% purity, C H2O = ~20 ppm) for 45 minutes. Under N 2 atmosphere, the CV exhibited a cathodic shoulder with an onset of -0.60 V vs. NHE, while on the anodic sweep, an oxidation peak at -0.65 V was observed. In contrast, the shoulder peak at -0.60 V was not observed under Ar atmosphere, signifying its ties to N 2 reduction event. However, the anodic peak at -0.65 V was found to persist under Ar purging. To clarify the origin of the peak, CVs collected with different C H2O are also displayed. It is shown in Fig 2a, that the anodic peak transforms proportionately with C H2O (Fig S3b) and is entirely absent in the dry Ar CV. The anodic peak can be related to the onset of HER at E = -1.18 V. Therefore, this process can be associated with the oxidation of H 2 generated by the HER process that occurs during the cathodic sweep.
Electrochemical optimization was first conducted in X IL = 0.16, where the mixture exhibits a conductivity of 1.40 mS cm -1 (further discussions on conductivity and optimization are available in the section 3-4 of the Supporting Information). NRR was carried out using controlled potential electrolysis (CPE). The possible NH 3 contributions from impurities found in the ionic liquid, solutions and gases, as well as possible electrochemical reduction of NO x , were initially determined by a series of control experiments as shown in supplementary section 5 and Table S1 .
It is emphasized that such control/background experiments are vital in determining a reliable Recognizing the role of IL mole fraction (X IL ) on the physicochemical properties of the electrolyte mixture, the NRR performance of the system was then further optimized for X IL . yield rate is provided in Table S4 . 27 In addition, the electrochemical stability was also Figure S8 . By altering the C H2O amount in the system ( Figure S9 and other methods such as Grimme D2 and Tkatchenko-Scheffler. 30, 31 This highlights the importance of the Fe-based catalytic process as compared with the first H + /e -pair transfer from N 2 to N 2 H in the gas phase, which is found experimentally to be -3.2 V vs. NHE and is usually the rate-limiting step of the whole reaction.
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